Ferromagnetic topological semimetals due to their band topology co-existing with intrinsic magnetization exerted important influences on early study of topological fermions. However, they have not been observed in experiments up to now. In this work, we propose that rutile CrO2, a widely used half-metallic ferromagnetic material in magnetic recording taps, exhibits unexpected ferromagnetic topological features. Using first-principles calculations and symmetry analysis, we reveal that rutile CrO2 hosts the triple nodal points in the absence of spin orbital coupling (SOC). By taking into account of SOC, each triple nodal point splits into two Weyl points, which are located on the magnetic axis with four-fold rotational symmetry. Notably, the Fermi arcs and accompanying quasiparticle interference patterns are clearly visible, which facilitate experimental observations. In addition, we find that another experimentally synthesized CrO2 in CaCl2 structure, also hosts the topologically nontrivial ferromagnetic phase. Our findings substantially advance the experimental realization of ferromagnetic topological semimetals. More importantly, room-temperature time-reversal-breaking Weyl fermions in CrO2 may result in promising applications related to the topological phenomena in industry.
Topological semimetals or metals, in which the conduction and valence bands cross each other near Fermi level resulting in topological protected nodal points or nodal lines in momentum space, are an emerging topological phase in a condensed matter system. Accordingly, different fermions with nontrivial band topology have been proposed, i.e., the fourfold-degenerate Dirac fermions [1, 2] , twofold-degenerate Weyl fermions [3] [4] [5] , three-degenerate triple fermions [6, 7] , and node-line fermions [8] , etc. These protected band degeneracies require a striking interplay of symmetry and topology in electronic structures of materials. For instance, Dirac semimetal (DSM) phases are protected by crystal rotational symmetry [1, 2] or nonsymmorphic symmetry [9] ; Weyl semimetal (WSM) phases require broken either spatial inversion symmetry I [10] or time-reversal symmetry T [3, 5] ; node-line semimetals (NLSMs) require a spacetime inversion IT with spin-rotation symmetry [11, 12] or a mirror reflection [13, 14] . Distinguished from normal semimetals or metals, the linear quasiparticle excitations in topological semimetals or metals near the crossing points will lead to diverse exotic quantum features. In particular, WSMs which host the unique nodal points called Weyl points (WPs) with definite chirality, acting as a magnetic monopole in momentum space, will exhibit interesting transport phenomena such as surface Fermi arcs, chiral anomaly, and anomalous Hall effects [3-5, 15, 16] . Recently, WSMs have been intensively studied theoretically [3, 5, 10, [17] [18] [19] [20] [21] [22] [23] [24] [25] and have been observed in nonmagnetic TaAs family [26] and MoTe 2 [27] .
In comparison with nonmagnetic WSMs, ferromagnetic (FM) WSMs with time-reversal symmetry breaking are promising materials for the future spintronic devices due to their nontrivial electronic structures co-existing with intrinsic spontaneous magnetization. However, only a few FM WSMs have been proposed [5, 22, 25] . However, Weyl fermions and accompanying Fermi arcs in FM WSMs have not been successfully verified experimentally. Therefore, searching for reliable FM topological materials that will be verified in experiments is highly desired. In particular, FM topological semimetal materials with Curie temperatures well above room temperature have significant applications.
In this work, we propose that two phases of CrO 2 , i.e., rutile (r-) CrO 2 and orthorhombic (o-) CrO 2 of the CaCl 2 type, possess FM Weyl fermions using first-principles calculations and symmetry analysis. r-CrO 2 is a very wellknown half-metallic ferromagnet with a high Curie temperature in the range of 385-400 K [28, 29] that is widely used in magnetic recording taps, suggesting that r-CrO 2 is an ideal candidate for studying FM Weyl fermions in experiments. Crystalline CrO 2 undergoes a structural phase transition from a rutile to an orthorhombic structure in the pressure range of 12 ∼ 17 GPa [30] . As o-CrO 2 exhibits similar FM topological properties with r-CrO 2 , we mainly focus on r-CrO 2 to investigate the topologically nontrivial features of CrO 2 , and detailed results of o-CrO 2 are provided in the Supplemental Material (SM) [31] . Our findings provide realistic room-temperature candidates to realize topological spin manipulations and potential spintronic devices.
First-principles calculations are performed using Vienna ab initio Simulation Package [32, 33] . The strong correlation effect of Cr 3d electrons is considered by intro- ducing the effective on-site Coulomb energy U=3 eV [34] , which gives an appropriate description that is in excellent agreement with previously reported band structures and half-metallic properties of r-CrO 2 [35] . Importantly, FM topological features are robust with U in the range from 1.5 eV to 6.0 eV. More computational details are included in SM [31] .
In ambient condition, CrO 2 crystalizes in a rutile structure with space group P 4 2 /mnm (No. 136), as shown in Fig. 1(a) . The optimized lattice constants are a = 4.470 A and c = 2.973Å, which nicely agree with the experimental values a = 4.421Å and c = 2.916Å [36] . As shown in Fig. 2(a) , two spin channels behave differently that the spin and orbital freedoms are independent, namely, the majority spin states show metallic properties while the minority spin channel has a insulating band gap. The ground state of r-CrO 2 is confirmed to be FM with a saturation magnetic moment of 2.00 µ B . Our calculations indicate that r-CrO 2 is completely spinpolarized at the Fermi level, which is in excellent agreement with prior calculations [35, 37] and point contact Andreev spectroscopy [38] .
In the spin-polarized calculation, neglecting SOC, the point group D 4h and spin-rotation symmetry SU (2) coexist in r-CrO 2 . The symmorphic group elements contain inversion I, two-fold rotational symmetry C 2 axes oriented along [100], [010] , and [110], four-fold rotational symmetry C 4 axis along [001](i.e., z-axis), and mirror reflection M z . In addition, the space group P 4 2 /mnm also possesses nonsymmorphic symmetries as N x = {M x |τ } and N 4z = {C 4z |τ }, where τ = (
2 ) is the translation vector of one-half of a body diagonal. In the absence of SOC, the triple points (TPs) T P 1 and T P 2 along the Γ-Z direction shown in Fig. 2(a) , can be understood by considering symmorphic symmetries I, M z and C 4z , and the nonsymmorphic N x . Based on symmetry transformation, we have the relation N x C 4z = C 2z T (0,−1,0) (C 4z N x ) (where T (0,−1,0) is the translation operator acting on the Bloch wave function), i.e., N x and C 4z can not commute each other (see SM [31] ). Every momentum point along the Γ-Z direction is invariant under C 4z and the product P M z . Hence, the little group C 4v in the Γ-Z direction can maintain that a double-fold degenerate band always crosses two single-degenerate bands, resulting in the formation of two TPs denoted as T P 1 and T P 2. In addition, two bands belong to different C 2 eigenvalues ±i along the A-Z high-symmetry line cross each other. As a result, a type-II Weyl point (WP) appears, which is protected by C 2 rotation symmetry along the [110] axis. Comparing with r-CrO 2 , the lower symmetry of o-CrO 2 (space group P nnm) can not maintain TPs along Γ-Z; however, the symmetry-protected WPs existing on this high-symmetry line are found in o-CrO 2 (see SM [31]). Table I : Nodal points of r-CrO2 without and with SOC. The coordinates in momentum space, Chern numbers, and the energies relative to EF are listed, respectively. The coordinates of other WPs are related to the ones listed by the symmetries, P, C4z, T C2x, and T C2y.
Spin-orbital coupling (SOC) only has a insignificant influence on electronic properties of CrO 2 due to weak SOC effects of both Cr and O elements. Therefore, the half-metallic ferromagnetism is preserved and the band structure is almost the same in the presence of SOC, as shown in Fig. 2(b) . Although band structures with and without SOC exhibit similar behaviors, they host the different band topology due to symmetry changes caused by the introduction of magnetization. It is worth to mention that all possible magnetic configurations of r-CrO 2 are nearly degenerate, implying that magnetization directions can be easily manipulated by applying a magnetic field. Therefore, we only pay attention to the case of the In the presence of SOC, two spin channels couple together and the spin-rotation symmetry SU (2) , respectively, where Γ 5 , Γ 6 , Γ 7 , and Γ 8 are the eigenvalues of four-fold rotation C 4z . Therefore, each TP splits into two WPs with the opposite chirality, i.e., T P 1 evolves to WPs W 1 (W 1 ) and T P 2 evolves to WPs W 2 (W 2 ). As shown in Fig. 2(d doesn't allow band crossings on this line. In contrast, the existence of WPs in high-symmetry k x -k z and k y -k z planes is allowed by the antiunitary symmetries T C 2y and T C 2x , respectively (see SM [31] ). Through carefully checking, we find that WPs W 3, which relate to I, T C 2x , and T C 2y , are present in the k x -k z and k y -k z planes. In addition, we also find that other WPs W 4 locate near the k x = k y and k x = −k y planes, and these WPs related by I and C 4z are generic nodal points, which do not correspond to any little-group symmetry. Hence, the WPs W 4 are not stable and easily annihilate with each other [22] . The precise coordinates, Chern numbers, and energies related to the Fermi level E F of nodal points are listed in Table I . The Chern numbers are calculated using Z2Pack package [39] , in which the evolution of average Wannier charge centers obtained by the Wilson-loop method on a sphere around WPs is employed [40, 41] .
One hallmark of Weyl fermions is the existence of nontrivial surface states and Fermi arcs. Based on the maximally localized Wannier functions on the basis of DFT calculations [42, 43] , we obtain the surface states using Wannier tight-binding Hamiltonian with the iterative Green's function method [44] as implemented in Wan- nierTools package [45] . To extract the nontrivial surface states of r-CrO 2 , we calculate the surface states projected on (001), (100), and (110) surfaces, respectively. We can find that the topologically protected surface states projected onto (100) and (110) surfaces are clearly visible shown in Figs. 3(a) and 3(b) , respectively. The surface states on the (001) surface are mostly hidden in the projection of bulk states, which are supplied in SM [31] . The band gap arising from the type-II WP without SOC is nontrivial due to the band inversion, exhibiting visible surface states alongÃ-Z [see left panel of Fig. 3(c) ]. The WPs W 1 (W 1 ) and W 2 (W 2 ) projected onto (100) and (110) surfaces are different. However, only W 1 is apparent and its projection acts as the termination of surface Fermi arcs, while the projections of other WPs are hidden in bulk states, as shown in Figs. 3(a)-(c) . The WP W 3 projected on the (100) surface locates onΓ-Z [see middle panel of Fig. 3(c) ]. We can see that there are two topological surface states terminated at the projection of W 3, since this surface Dirac point projected from two W 3 WPs with opposite chirality. Similarly, the projection of W 4 on the (110) surface also exhibits two nontrivial surface states which are distributed on two sides of the surface Dirac core, shown in the right panel of Fig.  3(c) . The projection of the bulk Fermi surface onto the (100) and (110) surfaces are shown in Figs. 3(d) and 3(e) , respectively. The nontrivial Fermi arcs are clearly visible, which makes them can be achieved in angle-resolved photoemission spectroscopy (ARPES) measurements.
The surface Fermi arcs are crucial properties associated with the topological nontrivial feature of bulk WPs. On the one hand, the surface Fermi arcs can be directly confirmed by ARPES; on the other hand, the nontrivial Fermi arcs pertain solely to a surface, so they will exhibit unique signatures in quasiparticle interference (QPI) and can be observed via spectroscopy measurements using scanning tunneling microscopy (STM) [46] . Comparing with the projected Fermi surface of nonmagnetic WSMs in which Fermi arcs are spin textured and time-reversal symmetry prevents scattering between the states with opposite spins, the spin-polarized Fermi arcs in half-metallic CrO 2 will exhibit the single spin scattering. Hence, the QPI pattern of surface states is mainly dominated by initial and final states in momentum space. It can be approximated by the joint density of states (JDOS) as a function of momentum difference q [47]
where
] is the momentumresolved surface density of states of a clean sample, and G(k , )] is surface Green's function at surface momentum vector k and energy relative to the Fermi level. The weighted Fermi arcs of r-CrO 2 with only the surface contribution on the (100) and (110) (110) surfaces, respectively. The shapes of QPI originate from the corresponding scattering wave vectors are clearly visible. In comparison with the spin-dependent scattering probability in nonmagnetic WSMs, the JDOS in ferromagnetic WSMs are only dependent on momentum difference and are more favorably to be measured experimentally.
In summary, we propose that FM Weyl fermions with time-reversal breaking can exist in r-CrO 2 and o-CrO 2 . Based on topology and symmetry analysis, r-CrO 2 is found to possess TPs in the absence of SOC. By taking into account of SOC, the magnetic group causes a TP splitting into two WPs with opposite chirality, which are located on the magnetization axis respect to the four-fold rotational symmetry. In comparison with rCrO 2 , o-CrO 2 with the lower symmetry can not host the TPs. However, the symmetry protected WPs of o-CrO 2 also leads to alike topological features due to the similar crystal structure and chemical bonds. Impressively, the topologically protected surface states, Fermi arcs, and the related QPI pattern are clearly visible. Our findings strongly suggest that CrO 2 with FM Weyl fermions have potential topology-related applications at room temperature.
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Computational Methods
We perform first-principles calculations based on the density functional theory (DFT) [1] as implemented Vienna ab initio Simulation Package (VASP) [2, 3] . The core-valence interactions are treated by pseudopotential method with the projector augmented wave (PAW) [4] [5] [6] method. To describe the exchange-correlation potential, we chose the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) formalism [7, 8] . A plane-wave-basis set with kinetic-energy cutoff of 600 eV is used to get a fully converged electronic structure including spin-orbital coupling (SOC). The Brillouin zone(BZ) is sampled by 21×21×29 MonkhorstPack grid [9] in self-consistent calculations. In order to account for the magnetic character of the system we performed spin polarized calculations, with the full crystal symmetry implemented per spin species. Since the 3d-electrons of Cr are strongly correlated, we employ GGA+U scheme [10] and introduce on-site Coulomb repulsion of U = 3 eV, which is a good agreement with the previous electronic band structures and half-metallic properties of rutile CrO 2 [11] . In addition, we also verify the topological features with U in the range from 1.5 eV to 6.0 eV, and the similar results are obtained. The results for the electronic band structures and topological features are also confirmed versus the all-electron calculations in WIEN2K code [12] .
Topological surface states of r-CrO 2 projected on (001) surface with [001] magnetization
Unlike the surface states projected on (100) and (110) surfaces, the projections of bulk bands on (001) surface would hide the Weyl nodes and most of topological surface states. However, the WPs projected on this plane are still visible. As shown in Fig. S1 , we can clearly see that the projections of Dirac cones are distinct from trivial bulk states. Our first-principles calculations also suggest that there are only tiny energy differences among all magnetic configurations in r-CrO 2 , meaning that the magnetization directions can be easily manipulated by applied magnetic field. In the presence of SOC, the topological features strongly depend on the magnetic axis, which determines the magnetic space group of system. Therefore, besides the case of [001] magnetization in the main text, we also perform the calculations for the magnetization along [100] direction. When the ferromagnetic magnetization is parallel to [100] direction, the system reduces to magnetic space group D 2h (C 2h ). As shown in Fig. S3 , we can see that the hybridization splits the double-fold degenerate band and there are no crossing nodes along Γ-Z, since the antiunitary symmetry T C 2z don't allow the existence of WPs on this line. The little group of momentum points (0, 0, k z ) along A-Z belongs to C 1 , so the type-II WP is opened by a gap ∼ 5 meV as shown in Fig. S3 . In the k z = π/c, four other type-II WPs P 1 are found slightly away from the A-Z axis. The presence of WPs in this plane is allowed by the antiunitary symmetry T C 2z . Besides, antiunitary symmetry T C 2y also allow the existence of WPs in k x -k z plane with k y = 0, and two types of WPs P 2 and P 3 in this plane are found. We conclude that the independent WPs with magnetization along [100] direction in Table , such as the precise coordinates in momentum space, Chern numbers, and the energies related to the Fermi level E F .
Topological features r-CrO 2 of magnetization along [100] direction
Due to the weak SOC effects of both Cr and O elements, the surface band structures with magnetization along [100] direction would exhibit similar behaviors in comparison with those with magnetization along [001] direction. However, the different distributions of WPs would essentially possess the different topological surface states. As shown in Fig. S2(c) , the panels 1, 2, and 3 correspond to the same regions of Fig. 3 in the main text.
We can see that the nontrivial surface states are visible. Two type-II WPs P 1 with opposite chirality projected ontoR-Z form two nontrivial surface states. Similarly, the projection of P 3 and the related surface states is located onZ-Γ.
The triply-degenerate points of r-CrO 2 in the absence of spin-orbital coupling
In the absence of SOC, the space group of r-CrO 2 is P 4 2 /mnm, which contains symmorphic group elements: inversion I, four-fold rotational symmetry C 4 axis along [001](or z-axis), and and mirror reflection M z .
In addition, the space group P 4 2 /mnm also possesses the nonsymmorphic symmetries as N x = {M x |τ } and N 4z = {C 4z |τ }, where τ = ( 
It is easy to obtained
where T (0,−1,0) is the translation operator acting on the Bloch wave function, i.e., [N x , C 4z ] = 0. In addition, every momentum point on the Γ-Z is invariant under the C 4z and the product PM z . In momentum space, the little group along Γ-Z is C 4v , which can maintain that there is always a double-fold degenerate band along this line. Hence, two single-fold degenerate bands crossing this double-fold degenerate band will form two TPs denoted as T P 1 and T P 2.
Little group of r-CrO 2 of the k-space Hamiltonian in k x -k z and k y -k z planes with [001] magnetization
Including SOC, with [001] magnetization, the little groups of r-CrO 2 in k x = 0 and k y = 0 planes are T C 2x and T C 2y , respectively. The general two-band Hamiltonian is
which gives
The Hamiltonian contains two parameters, two momenta, and WPs can generically live on this high symmetry plane. Similarly, the little group T C 2y can allow WPs locating on the k x -k z plane of k y = 0.
Symmetries and Weyl Points of r-CrO 2 with [100] magnetization
When the ferromagnetic magnetization parallel to the [100] direction, the magnetic space group is D 2h (C 2h ) and the following symmetry group remains: I, C 2x , T C 2y , and T C 2z . Along Γ-Z, antiunitary symmetry T C 2z gives
which implies
Now the Hamiltonian in kz axis is
The Hamiltonian contains two parameters d x and d y , one momentum k z , giving rise generically to avoided crossings. No crossing points are possible on Γ-Z line. Using the similar analysis , T C 2y and T C 2z can allow WPs on k y = 0 and k z = π c planes, respectively.
Topological features and Weyl points in o-CrO 2
Groundstate CrO 2 (r-CrO 2 ), which crystallizes in the tetragonal structure of the rutile type, is a well-known material because of its half-metallic nature. Under pressure, crystalline CrO 2 is known to undergo the structural transition from r-CrO 2 to the orthorhombic CrO 2 (o-CrO 2 ) of the CaCl 2 type at P =12 ∼ 17 GPa [13] . For the high pressure phase of o-CrO 2 with space group P nnm (No. 58), the orthorhombic lattice structures is very similar to the tetragonal unit cell as shown Fig. 1 in the main text. The lattice constants are a = 4.502Å, b = 4.429Å, and c = 2.968, which show good agreements with the experimental values [13] .
The spin-polarized electronic band structures of oCrO 2 without SOC are shown in Fig. S3 . We can see that o-CrO 2 also exhibits the half-metallic features and hosts the very similar band structures with r-CrO 2 due to their alike crystal structure and chemical bonds. However, the detailed band topologies protected by symmetry between r-CrO 2 and o-CrO 2 are different. In the absence of SOC, o-CrO 2 possess the point group D 2h . The little group along Γ-Z is C 2v , which can not protect the TPs on this line but can allow WPs exist. As shown in the lower left and right panels of Fig. S3 , there are four symmetry-protected WPs formed by the eigenvalues of C 2v , denoted by F 1 (F 1 ) and F 2 (F 2 ), respectively. In addition, comparison with r-CrO 2 , o-CrO 2 doesn't possess WPs along Z-A due to the absence of two-fold rotational symmetry C 2 on this line. In the presence of SOC, the topological band structures are determined by magnetic axis. Here, we only discuss the case of magnetization along [001] direction, and the electronic band structures are shown in Fig. S4 . We can see that the SOC little influences on the bands due to the weak SOC strength. With [001] magnetization, the symmetry of o-CrO 2 reduces to the magnetic double group D 2h (C 2h ). The four WPs along Γ-Z survive, protected by C 2z . Namely, the crossing bands belong to the eigenvalues Γ 3 and Γ 4 of C 2z . The antiunitary symmetries T C 2x and T C 2y allow existence of WPs in high-symmetry planes k x -k z and k y -k z , and the related WPs F 3 and F 4 are found. In addition, we also find that another kind of WPs F 5 related by P and C 2z . The WPs F 5 are generic nodal points and not stable in principle. We conclude that the WPs of o-CrO 2 with magnetization along [001] direction in Table SIII , such as the precise coordinates in momentum space, Chern numbers, and the energies related to the Fermi level E F .
